ABSTRACT: Pulsatile chemo-hydrodynamic patterns due to a coupling between an oscillating chemical reaction and buoyancy-driven hydrodynamic flows can develop when two solutions of separate reactants of the Belousov−Zhabotinsky reaction are put in contact in the gravity field and conditions for chemical oscillations are met in the contact zone. In regular oscillatory conditions, localized periodic changes in the concentration of intermediate species induce pulsatile density gradients, which, in turn, generate traveling convective fingers breaking the transverse symmetry. These patterns are the self-organized result of a genuine coupling between chemical and hydrodynamic modes.
O ut-of-equilibrium, breaking of symmetries and related spatiotemporal patterns have been much studied in hydrodynamic and reaction−diffusion (RD) systems.
1−3 At the intersection between these two fields, chemo-hydrodynamics focuses on analyzing patterns and instabilities that result from a nonlinear coupling of hydrodynamic and RD processes. 4 Related problems range from fingering instabilities of reactive interfaces 5, 6 or traveling chemical fronts 4 to the spatiotemporal dynamics of chemicals advected in complex flow fields. 7, 8 The reaction−diffusion−convection (RDC) interplay impacts numerous applications areas as diverse as combustion, 9 polymer processing, 10 extraction techniques 5, 11 and CO 2 sequestration. 12 When chemicals are passively slaved to the flow, the convective motions develop independently of the presence of reactive processes. On the other hand, in presence of active chemistry, the reactions modify a physical property of the fluid like its density, viscosity, or surface tension for instance. Concentration gradients in RD processes can then trigger unfavorable mobility gradients, which in turn can yield convection. As an example, even when starting from an initially stable density stratification of a less dense reactive solution on top of a denser one in the gravity field, chemical processes can trigger buoyancy-driven convection. This occurs when the reaction produces either a denser product locally or when differential diffusion phenomena implying the various chemicals 6,13−16 or heat and mass 17 come into play. The hydrodynamic patterns are then typically convective fingers growing vertically. Simple A+B→ C reactions have been shown to be able to break the up−down symmetry of such convective fingers. 13 More complex reactions prone to produce spatiotemporal RD structures can induce other synergetic combinations of chemical and hydrodynamic modes. Typical examples of such intrinsic chemo-hydrodynamic scenarios include reaction-driven convection around a traveling chemical front stably stratified from both solutal and thermal perspectives 4, 17, 18 and buoyancy or Marangoni-induced convective cells following chemical waves in excitable and oscillatory systems. 19−23 In such cases, the chemical kinetics drives the source of the convective flows, and the velocity field is different from what would be obtained in non reactive systems.
In this context, we provide here evidence that the selforganizing power of RD patterns can be used to control spatiotemporal dynamics of convective flows. Specifically, we show the existence of a novel chemo-hydrodynamic instability producing traveling convective fingers, the properties of which merge those of underlying RD traveling waves and buoyancydriven flows. This self-organized chemo-hydrodynamic pattern is sustained by a chemical oscillator localized at the miscible interface between two solutions containing separated reactants of the Belousov−Zhabotinsky (BZ) reaction. In the dynamics, chemical concentration waves moving horizontally along the reactive interface (Figure 1a The experimental system consists of a vertical Hele-Shaw (HS) cell, i.e., two rectangular glass plates (35 mm × 70 mm) separated by a gap of 0.25 mm, in which two miscible aqueous solutions containing separate reactants of the bubble free BZ reaction 3 are put in contact along a horizontal line thanks to a specific injection device. 24 Each solution covers half of the reactor height (i.e., 35 mm), featuring a double-layer system. Specifically, we consider the oxidation reaction of CHD (1,4-cyclohexanedione) by bromate, catalyzed by ferroin. 25, 26 In a stirred reactor, this reaction produces oscillations while in gels and with an initially homogeneous distribution of all chemicals, traveling waves and spirals can be observed. In the HS cell, the BZ reactants are separated in two solutions: solution 2, of density ρ 2 composed of only sulphuric acid, sodium bromate, sodium bromide, and the ferriin (Fe III , the catalyst in its oxidized state, blue solution) is put on top of a denser solution 1 of density ρ 1 containing only CHD, sulphuric acid and ferroin, (reduced form Fe II , red solution). All reactants were commercial grade (Sigma-Aldrich) without any further purification. Slight modifications in the bromate concentrations are considered as a control parameter; nevertheless, in all cases, the upper solution was the less dense one (ρ 2 < ρ 1 ).
A high power LED source was used to illuminate the system. The light path passing through the cell was divided in two by means of a beam splitter. One beam, recorded by a digital camera, gives a direct view of changes in the concentrations, which we call here the "chemical pattern" (Figure 1a , upper row). The second beam is used to get a Schlieren image of gradients in refractive index monitoring convective motions due to related density gradients, images which we refer to as the "hydrodynamic pattern" (Figure 1a , lower row). The field of view of the recorded images was 17.5 mm × 13.7 mm centered between the two solutions. The resolution of both cameras was 720 × 576 pixels at 25 frames per second.
Upon contact between the two solutions, the reactants meet in the miscible contact zone by diffusion where the BZ system starts to oscillate producing horizontal traveling waves, which extend upward and downward in time ( Figure 1a ). As a control parameter, we vary [BrO 3 − ], the initial concentration of bromate, which changes the excitability of the reactive medium.
Low values of [BrO 3
− ] correspond to low excitability, slow wave propagation, and large wavelengths in the chemical waves (and vice versa). 27 Depending on the excitability, different behaviors were found. For low excitability (Figure 2a ), as soon as (Figure 2c ), high rotational flow regions close to the fingers favor the break of the target waves symmetry and the nucleation of small spirals at the interface. For this largest excitability (Figure 2c ), the fingers still follow the chemical patterns in the reactive zone, but now the chemical dynamics are more complicated (notice the existence of spiral waves interacting with traveling waves coming from the boundaries), and this is directly reflected in the hydrodynamic pattern.
The scenarios illustrated in Figure 1 and Figure 2 show a clear example of a chemo-hydrodynamic structure in which the final pattern combines properties of the oscillating reaction and of buoyancy-driven instabilities while featuring some new RDC properties like drifting convective cells and characteristic time and space scales different from those observed in non reactive buoyancy instabilities or in pure RD systems. Figure 3 shows the space−time plots related to the dynamics as well as quantitative characterization of the wave period as a function of time. The first space-time map (Figure 3b) gives information about the dynamics of the chemical waves shown by the direct view of Figure 3a (left frames), while the second map (Figure 3c ) describes the evolution of the hydrodynamic cells as shown by the Schlieren views of Figure 3a (right frames). At the beginning, only chemical waves traveling from the right to the left with a characteristic RD wavelength (4 mm) are present in the system. Once the convective cells are induced (around t = 120 min), they directly affect the chemical wavelength as the reactants are convected by the flows. At the time when the hydrodynamic instability and fingers are well developed, the chemical wave period is increased up to 50% (see Figure 3d) , which attests the mutual influence of chemical and transport phenomena. As the concentration field is redistributed by convective motions, it affects in turn the velocity field within the system. After a transient, both chemical and hydrodynamic modes readjust through this feedback into a new chemo-hydrodynamic pattern with a characteristic constant wavelength and constant velocity. Figure 4b ,c, the excitability of the system is quite high, and chemical waves exhibit complicated patterns with a competition between target and spiral waves coming from different directions which collide in the mixing zone. As a result, the hydrodynamic pattern, closely following the chemical dynamics, exhibits an intricate behavior that actually changes with time.
The chemo-hydrodynamic structures can be characterized by the characteristic wavelengths of the chemical and hydrodynamic patterns respectively. First, the chemical wavelength λ c of the localized drifting concentration waves seen in the direct view is obtained as the distance between two successive concentration extrema at a given time. The second characteristic spatial scale is the hydrodynamic wavelength λ h of the convective structure obtained thanks to a Fourier transform of the Schlieren convective pattern. We see on Figure 5a that λ h remains roughly constant and of the order of 1.5 mm independently of the excitability. A third wavelength, λ P is the characteristic reaction-diffusion wavelength of the waves obtained in a separate Petri dish by mixing homogeneously all reactants with the same chemical composition as in the reacting zone. Note that for low values of bromate concentrations, λ c and λ P differ due to the different initial condition and the large dispersity of wavelengths compatible with these concentration values. As excitability is increased, this difference is diminished and exhibit the minimum value accessible by the system. The direct comparison between the chemical λ c and hydrodynamic λ h scalings (Figure 5a) shows how, at low bromate concentration, λ c is much larger as the traveling concentration waves are roughly 3 times larger than the convective cells. This difference vanishes at larger excitability ([BrO 3 − ] ≥ 0.085 M) where both λ c and λ h converge to the homogeneous reaction-diffusion wavelength λ P , which is around 1.5 mm. The onset times, τ h of the convective modes and τ c of the chemical pattern also vary with the excitability as shown on Figure 5b . At low excitability, convective patterns appear much later than the traveling waves, while they develop on the same time scale (τ h ∼ τ c ) when the system is more excitable ([BrO 3 − ] ≥ 0.085 M). Note that for the largest value of bromate concentration, the hydrodynamic instability occurs before the wave instability. This suggests that chemical species involved in the convective mechanism appear then on a time scale faster than the time needed for chemical waves to develop.
In order to gain insight into the instability mechanism at the origin of the convection, we recall that, in such reactive systems, convective fingers are either due to a Rayleigh−Taylor (RT) instability when a denser solution overlies a less dense one 13, 28 or to a differential diffusion mechanism when a statically stable density stratification is destabilized because of the contribution to the density of various solutes diffusing at different rates. 6, 13, 28 We have performed several experiments varying the composition of the solutions to test some instability scenarios. However, in all cases, ρ 2 < ρ 1 to exclude an RT instability. First, similar experiments have been performed with an equal concentration of acid in both layers. No qualitative difference is obtained, and only the quantitative values of the excitability at which complex phenomena come into play is slightly shifted. This rules out that convection is due to double diffusion triggered by a larger amount of fast diffusive protons in the lower layer. A difference in diffusivity between the oxidized and reduced forms of the catalyst independently of the oscillatory mechanism is also excluded because convection appears as well using the uncatalyzed Bromate-CHD oscillator, 29 which oscillates even in the absence of the catalyst. Convective fingers are then present in the Schlieren view even if the absence of a color change due to the absence of ferroin does not allow one to follow the concentration dynamics. This convection develops on a slower time scale than in the presence of ferroin indicating that the Fe II /Fe III species, although not essential to the chemohydrodynamic coupling studied here, can nevertheless influence its time scale by changing the oscillatory mechanism.
If we next keep the ferroin catalyst but redo the experiment without any CHD in the lower layer, no oscillations are obtained, and the dynamics solely consists in a chemical planar oxidation front invading the lower layer, showing that CHD is an essential ingredient in the instability mechanism. Similarly, if chloride ions, known to inhibit the BZ oscillations, 30, 31 are introduced into the system convective motions are gradually suppressed. This points to the necessity to preserve the oscillatory mechanism in the reaction zone to obtain convection. We conjecture that the instability arises from a chemically driven double-diffusion mechanism localized at the reactive region, where oscillations in time and space of intermediate species trigger pulsatile density gradients at the origin of the traveling convective fingers. Note that the existence of the reaction in the system is crucial in order to induce the double-diffusion instability. The most probable candidates seem to be the brominated organic substrate, BrCHD, and the heat released during the "resetting of the chemical clock" step, which is proportional to the organic component of the BZ-like systems and to the catalyst concentration. 32 Differential diffusivity is expected both from an increase of the molecular mass of the intermediate organic species and from heat diffusion, which is much faster than the mass one. Once these key variables reach a critical value, a hydrodynamic instability is promoted, resulting in convective fingers. As the initial concentration of BrO 3 − is small, the diffusion-controlled chemical feeding supplied from the upper solution and the reaction kinetics are slow, thus the intermediate reactants are not produced immediately in sufficient amounts, and τ h > τ c . For a high excitability, the density jump between the upper and the lower layer is decreased, the intermediates formation is readily enhanced, and, consequently, the induction period for the onset of the convective instability drops down to τ h ∼ τ c , as shown in Figure  5b .
To summarize, we have presented here the evidence of a selforganized traveling chemo-hydrodynamic structure resulting from an in situ hydrodynamic instability sustained by an oscillating reaction at the miscible interface between two solutions containing initially separated reactants of the BZ reaction. This particular configuration induces a transverse coupling among horizontally traveling waves and vertically growing convective fingers. Future work will need to compare modeling of related RDC models to further experiments devoted to decipher the role of the various chemical intermediates that could be responsible for the observed phenomena. These results pave the way to more studies devoted to unravel new self-organized RDC instability scenarios due to the intimate coupling of reaction and convective phenomena. 
